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Abstract 
The present finite element simulation describes the influence of varying elastic modulus in a non-adhesive frictionless bulk 
deformation contact between isotropic self-affine fractal surface and a rigid flat covering elastic, elastic-plastic and the plastic 
region. The nature of rough surface is non-stationary and random. The scale independent characteristics can only describe the 
multi scale behavior of the rough surfaces. Fractal geometry describes the disordered chaos multitude behavior of rough surfaces 
in an ordered manner through two characteristics namely; fractal dimension D and fractal roughness G. Three-dimensional rough 
surfaces are generated using a modified two-variable Weierstrass-Mandelbrot function with specific fractal parameters in 
ANSYS environment. The present findings are validated with the experimental results available in the literature.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Department of Mechanical Engineering, Bangladesh University of 
Engineering and Technology (BUET). 
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1. Introduction 
The production process and the nature of the parent material, govern the shape of the surfaces of an engineering 
material, careful study in a very fine scale reveals the roughness of the surfaces. The surface roughness leads the real 
contact area to be a fraction of the apparent area of contact during the loading under pressure. During loading, only 
the peaks or the asperities of the surfaces are in contact, the real contact area composed with these deformed 
asperities used to support high loads. In such situations the pressure in those contact spots are extremely high, often 
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causes yielding in the surface material. Thus the elastic plastic contact models bear immense importance for the 
studies of adhesion, friction, lubrication, wear in the field of tribology and several other branches of Engineering. 
Some statistical elastic plastic models [1-3], considering the asperities as an elastic plastic material, have been  
 
Nomenclature 
 
A real contact area  
A0  nominal contact area 
D fractal dimension 
E elastic modulus 
G fractal roughness 
L0 sample length 
M number of superimposed ridges 
n frequency index 
p contact pressure 
P contact load 
x, y coordinates of point 
Y yield strength 
z surface height 
δ displacement or interference 
γ scaling parameter 
φ random phase 
υ            Poisson’s ratio
 
developed based on Greenwood and Williamson [4] assumption. The statistical rough surface models characterized 
the surface roughness by statistical parameters like the standard deviation of the surface height (V), slope (Vc) and 
curvature (Vcc). But the topography of the engineering surface has been proved as a non-stationary random process 
[5] due to the scale dependence of these statistical parameters, which exhibit different values for the same surface 
depending on the scan length and the resolution of the roughness-measuring instrument. Thus the use of fractal 
geometry for scale invariant parameters emerged as a logical solution [6-8].  
Roughness measurements on a variety of surfaces indicate that the power spectra of the surface profiles follow 
power laws. The fractal dimension, which forms the essence of fractal geometry, is both scale-invariant and is 
closely linked to the concepts of self-similarity and self-affinity [9]. The fractal models [6-8] ignored the 
interactions between neighboring asperities and considered small deformation. These assumptions has failed to 
reflect the actual contact behavior of the mating surfaces due to the inaccurate projection of the interfacial 
parameters especially in the context of plastic deformation where large and closely spaced cluster may develop. 
Moreover, the application of simplified small deformation theory instead of large deformation one, neglecting bulk 
deformation produced discontinuous elastic-plastic transition in those models. Finite element analysis is robust 
enough to consider interaction between asperities as well as bulk deformation. Thus realizing the necessity of 
exhaustive finite element based contact analysis of fractal surface, Komvopoulos and ye [10, 11] performed finite 
element analysis of head-disc layered interface with fractal topography. Hyun et al [12] considered a fully three-
dimensional finite element analysis for elastic contact between rough surfaces with a range of self-affine fractal 
scale behavior. Pei et al [13] extended the findings of elastic contact [12] to study the influence of elastic properties 
of the material in the elasto-plastic phase considering a wide range of self-affine surface topographies. In the last 
decade, Sahoo and Ghosh [14] have studied the effect of variation of fractal parameters on contact behavior 
involving area, load and displacement by means of commercial finite element software ANSYS. Then Sahoo et al 
[15] have investigated the effect of strain hardening on the interfacial parameters in the contact of self-affine fractal 
surfaces using commercial finite element software under perfect slip contact condition. The contribution of elastic 
modulus on the relationship between the interfacial parameters like load-displacement, load-area and load-mean 
contact pressure for the contact of fractal surfaces is yet to be investigated which is studied during the contact of 
contact analysis of deformable fractal surface. 
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Commercial finite element software ANSYS 11.0 is used in present simulation where three-dimensional rough 
surfaces are generated following a modified two-variable Weierstrass-Mandelbrot function [16]. Variations of 
fractal surface properties beside numerous elastic properties of the materials are considered in the present study. 
2. Theoretical background 
In reality all the engineering surfaces are rough to some degree, random and non-stationary in nature. The 
irregularity of surface roughness pronounces with magnification. Greenwood and Tripp [17], using symmetry 
consideration, have established that the contact between two rough surfaces can be modeled by a contact between an 
equivalent rough surface and a rigid flat, followed in the present analysis. A realistic multiscale roughness 
description can only be done using scale-independent fractal parameters. A 3D fractal surface topography has been 
generated with the help of modified (truncated) two-variable Weierstrass-Mandlebrot function [16], expressed in the 
following form 
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    D represents the fractal dimension (2<D<3). The upper limit of frequency index, nmax = int [log (L0/Ls)/log J], 
where Ls is the cut-of length and I  m,n denotes the random phase. The scaling parameter J controls the density of 
frequencies in the surface profile. J =1.5 [16] provides both the phase randomization and spectral density based on 
surface flatness and frequency distribution density. The frequency index, n, has a lower value of zero for a truncated 
series of the height function. Thus the scaling property is approximate, i.e. scaling is satisfied within a small additive 
term [18]. Hence the surface function expressed by equation (1) possesses a scale invariant (fractal) behavior only 
within a finite range of length scales, outside of that, the surface topography can be represented by a deterministic 
function. The smallest wavelength corresponds to the cut-off length Ls, which is of the order of about six lattice 
distances. The fractal roughness G is a height scaling parameter independent of frequency within the scale range, 
wherein fractal power law behaviour exists. Physically, higher G values signify rougher (less dense) surface 
topography. The magnitude of the fractal dimension D describes the contribution of high and low frequency 
components in the surface function z (x, y). Thus, high values of D indicate that high-frequency components are 
more dominant than low-frequency components in the surface topography profile. The physical significance of D is 
the extent of space occupied by the rough surface, i.e. larger D values denote denser profile (smoother topography) 
[19]. The function given by equation (1) is suitable for construction of rough surfaces possessing topographies 
closely resembling the actual surfaces with the same fractal parameters D and G. 
3. Finite element modeling, normalization and comparison  
    The surface heights z (x, y), generated in MATLAB from equation (1) as per the supplied x and y values, are 
imported to ANSYS.11 as key points. Connection of those key points in an ordered manner generates the surface, 
which is made solid to use as a 3-D model for the contact analysis. The upper surface of the solid is identified as the 
CONTACT surface; whereas a rigid surface is made to just touch the contact surface from the top. This rigid top 
surface is set as the TARGET surface. The rough deformable solid body is meshed with 3D solid elements 
SOLID185. TARGE 170 represents the 3D ‘target’ surface for the associated contact element (CONTA174). The 
contact elements themselves overlie the solid elements describing the boundary of a deformable body and are 
potentially in contact with the target surface, defined by TARGE 170. The mesh density is doubled until the contact 
force and the contact area is differed by less than 1% between the iterations. The final value of elements corresponds 
to the concordant values between two successive iterations.  The resulting mesh consists of 17496 SOLID185, 2916 
CONTA174, and 10 TARGE170 elements. The figure 1(a) shows a meshed model of a fractal surface with D=2.4, 
G=1.36u10-10m. Each side of the cube is taken as 1μm. The base nodes of the deformable solids are restricted to 
move in all the x, y, and z directions and the target surface is allowed to move in the z direction only.  
In present simulation, a force is applied through a pilot node, which controls the movement of the entire target 
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surface, to move incrementally downward and the interferences of the rigid plane are found from the nodal solution. 
The contact with rigid plane is modeled with surface-to-surface contact elements that use the Augmented 
Lagrangian contact algorithm. The static large deformation analysis is performed with 100 sub steps. Computation 
took 3-4 hrs for each solution in a 1.6 GHz PC. The stick contact condition prevents the contact point of the 
deformed surface with the rigid flat from the relative displacement in the radial direction. The contact load (P*), 
contact area (A*), displacement (L*) are normalized as follows: 
*P =
0
* AE
P
, 
0
*
A
AA  , 
0
*
LL
G , 
AY
Pp  *    (2) 
E* is the composite elastic modulus   2* 1/ Q EE , E, Y and ν are the elastic modulus, yield strength and the 
Poisson’s ratio of the deformable rough surface. 
 
(a)       (b)  
Fig. 1. (a) Meshed model of a fractal surfaces with D=2.3, G=1.36u10-11m; (b) Displacement Vs load plot 
Buzio et al. [20] studied the load deflection behavior between atomic force microscope (AFM) probes and self-
affine fractal carbon films. The AFM imaging provides fractal dimension D=2.3 and fractal roughness G=1.55 u10-
10m along with the nominal contact area Ao= 4.8u10-10m. The material properties for the system used in that studies 
are, equivalent elastic modulus (E*) equals to 0.88GPa and yield strength (Y) is taken as 16.07MPa. Figure 1 (b) 
presents the comparison between the experimental results and the ANSYS solutions. The figure exhibits favorable 
agreement between the two.  
4. Results and discussion 
We have chosen four different values of elastic modulus (E) typical of different steel, aluminum and cast iron. 
They are 70, 80, 103 and 200 GPa. Yield Strength is taken as 0.21GPa that made the E/Y ratio as 952.38, 490.476, 
380.95, 333.33 respectively. The fractal dimension is varied in the range of 2.3≤ D ≤2.5 and the fractal roughness is 
varied in the range 1.36×10-12 ≤ G ≤ 1.36×10-10m.The results of the finite element model are presented for a variety 
of dimensionless contact load. 
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(a)     (b)  
Fig. 2. Dimensionless mean contact pressure Vs Dimensionless Load, G=1.36u10-11m. (a) D=2.3; (b) D=2.5 
In fig. 2, the dimensionless mean contact pressure decreases after attaining to its peak value, although the 
location and the magnitude of maximum mean contact pressure depends on the value of modulus of elasticity [21]. 
They used varying yield strength and found that with lower yield strength (higher E/Y ratio), materials attending 
higher mean contact pressure and decreases sharply compared with higher yield strength. The qualitative nature of 
both the figure is same, however maximum mean contact pressure attended by each E/Y ratio is always less in figure 
2(b) compared to 2(a). Higher fractal dimension D indicates smoother surface, produces lower mean contact 
pressure under the same load. The variations of dimensionless interferences with dimensionless contact load are 
expressed in figure 3(a). It is found that the dimensionless interference increases with the increase in elastic modulus 
for the same dimensionless contact load. Figure 3(b) shows the evolution of contact area with the increase in contact 
load. It is found that the dimensionless contact area increases with increase in elastic modulus for the same 
dimensionless contact load. A number of simulations with same material properties using different fractal 
parameters yield same qualitative results. 
 
 (a)     (b)  
Fig. 3. (a) Dimensionless interference; and (b) Dimensionless contact area Vs Dimensionless Load with D=2.4, G=1.36u10-10m. 
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(a)     (b)  
Fig. 4. Dimensionless mean contact pressure Vs Dimensionless Load for E/Y=123.53 (a) D=2.4; (b) G=1.36u10-10m. 
 
Pei et al. [13] suggested that E*/Y of the materials ranges from 10 to 104. With the material properties of steel 
with E= 200Gpa and Y=1.619 (E/Y=123.53) [3], we have studied the effect of surface roughness on mean contact 
pressure. It is found from figure 4 (a) and (b), mean contact pressure increases with the increase in G and decrease in 
D for the same contact load. Higher D indicates smoother surface whereas lower G indicates smoother surface. In 
smoother surface the same contact load bears by the larger contact area [14], hence smoother surface produces less 
mean contact pressure. Figure 5(a) and (b) present the dimensionless interference as a function of dimensionless 
contact load for varying fractal dimension, D and fractal roughness, G respectively. The dimensionless interference 
of the rigid plane should be higher for rougher surface due to high mean contact pressure under the same applied 
load and vice versa, which is implied from the figures. Present results do concord with the findings of Sahoo and 
Ghosh [14]. 
 
(a)      (b)  
Fig. 5. Dimensionless interference Vs Dimensionless Load for E/Y=123.53 (a) G=1.36u10-10m; (b) D=2.4 
5. Conclusion 
    It is found that the elastic modulus determines the nature of contact parameter variation in the elastic-plastic and 
plastic regions. The contact parameter variations are also strongly affected by the fractal parameters of the surface. 
Finally this paper established quantitavily the nature of contact parameters variation due to the change of elastic 
properties of material for the deformable fractal surface, the qualitative prediction in single asperity contact analysis. 
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